The performance of 1 kWel 48-cell HT-PEMFC at various experimental conditions is presented, particularly at several CO concentrations (up to 1.0%). Polarization curves measured at various anode (1.0-2.5) and cathode (1.6-4.0) stoichiometries; stack operating temperatures (120-160 o C) and gas pressures (up to 0.5 barg) are reported and analysed. The minimum gas stoichiometries of 1.25 and 2.0 were determined for the anode and cathode, respectively. The highest stack power density of 225 mW cm -2 was measured at 160 o C and 0.4 A cm -2 . Operation at CO concentrations up to 1% was achieved, although a loss of performance of about 4% was observed for low CO concentrations. The operating temperature enhanced fuel cell performance and tolerance to CO, even when supplied with higher CO concentration in the anode feed gas.
1.
Introduction High Temperature Proton Exchange Membrane Fuel Cells (HT-PEMFC) have many advantages in comparison to Low Temperature (LT) PEMFC due to their wide operating temperature range 120e200 o C. The proton conduction mechanism that is dependent on the phosphoric acid content [1,2] and not on the humidification level of the proton exchange membrane [3, 4] consequently eliminates the need for the supplied reactants to be humidified. Complex water management systems are therefore not required thus simplifying the system design and minimizing the number of Balance of Plant (BoP) components. Furthermore, larger difference between 'ambient' and fuel cell operating temperature makes it possible to recover the hitherto waste heat leading to improve heat integration. The higher operating temperature also simplifies the stack construction, in which the excess heat can be efficiently removed with a coolant passing externally rather than having an internal cooling manifold complicating the stack design. In literature, research and development work results on internally liquid-cooled [5] and air-cooled [6] HT-PEMFC stacks are reported. The design and benefits of an externally cooled HT-PEMFC stack have been reported elsewhere [7e9] . Most importantly the advantage expected from HT-PEMFC is the high operating temperature making HT-PEMFC more tolerant to impurities present in the reactant gases. Especially important from the application 3 electrode area; 905 mm thick). Based on technical specifications declared by the producer, the catalyst on the cathode side is made of a Pt-alloy with a loading of 0.75 mg Pt cm -2 whereas the anode Pt catalyst loading is 1.0 mg Pt cm -2 . Currently the commercial BASF MEAs possess the highest performance (0.6 A cm -2 at 0.6 V and 160 o C) and long-term stability (over 20 000 h with 6 mV h -1 voltage drop at V and 160 o C, >5000 h lifetime in continuous operation). This explains why BASF Celtec ® MEAs are most often used for benchmarking new developments in the HT-PEMFC field and why most publications that concern HT-PEMFC technology involves the application of this commercially available product. Graphite bipolar plates with multi-channel meander flow field pattern were machined using a Schunk FU 4369 HT material to supply reactant gases to the stack electrodes. The flow pattern of the bipolar plate is shown in Fig. 1 . Locally manufactured silver plated aluminium current collectors with 100 cm 2 surface area were used to integrate the fuel cell stack with the electronic load installed on the testing station. The MEAs, bipolar plates and current collectors were sandwiched between two aluminium end plates with the help of four threaded stainless steel rods and nuts; springs were used to apply suitable compression between stack components. Suitable stack compression of 6 N mm -2 is important in order to minimize contact resistance between the bipolar plates and the MEAs. The stack parameters are presented in Table 1 . More detailed description of the design and construction of the validated, externally oil cooled stack based on a design from ZSW is available elsewhere [7, 8] . The modelling assumptions and stack concept design were verified with experimental results. During this study specially designed bipolar plates were incorporated into the stack to monitor cell temperature distribution within the electrode active area.
http://repository.uwc.ac.za 4 A temperature deviation smaller than 10 K was obtained experimentally at a specific heat production of 0.248 W cm -2 and a linear extrapolation was made to predict temperature deviation would be less than 15 K at a specific heat production of 0.4 W cm -2 [7, 8] . The currently investigated stack was assembled without the bipolar plates that enabled cell temperature distribution monitoring.
To activate the MEA and ensure stable cell behaviour and reproducibility of results, after installation on the testing station, a galvanostatic high temperature breakin/conditioning procedure was applied. During the break-in, the performance of MEA increases but the nature of the process is not known yet. The humidification of the membrane by the produced water, removal of impurities from the catalyst, http://repository.uwc.ac.za 5 ripening of the catalyst and redistribution of the electrolyte are possible reasons for the increased performance of the MEA [17, 18] . The stack was heated up to 120 o C at a rate of about 5 K min -1 in a nitrogen atmosphere. Once the stack reached 120 o C, pure hydrogen and air preheated to 100 o C was supplied to the anode and cathode, respectively at stoichiometries of 1.25 and 2.0 and ambient pressure. Further temperature increase to 140 o C was allowed and the stack was then operated for 10 h at a constant current density of 0.2 A cm -2 . After the described break-in procedure, measurements were performed.
It is now well-known that the formation of liquid water inside the stack can cause leaching out of the phosphoric acid from the PBI membrane which leads to irreversible degradation of the proton conductive properties of the membrane, and in turn influences the lifetime of the stack [3, 4] . Although water is produced at the cathode during stack operation, excess water accumulation in the stack, due to condensation during 'start-up/shut down' procedures should be minimized to improve stack lifetime. To avoid conditions which induce the condensation of water during 'start-up and shut down', a systematic procedure was followed as proposed by Scholta et al. [19] . The procedure to generate polarization curves is described below. The HT-PEMFC stack was preheated to 100 o C in nitrogen atmosphere before each polarization curve was recorded. Dry gas was supplied to the anode and cathode at 100 o C. The stack temperature was increased by circulating Paratherm NF ® heat transfer fluid through an external heating/cooling system. Once the minimum operation temperature of 100 o C was reached, the stack anode and cathode were supplied with the reactant gases. Dry hydrogen and air pre-heated to 100 o C were supplied to the anode and cathode, respectively at the minimum flow rate calculated for a current density of 0.2 A cm -2 and ambient pressure, except measurements at elevated back-pressure values. The stack current was increased in 5 A steps to the nominal value of 40 A at which the required stack operational temperature could be controlled. While increasing the stack current, the single cell voltage was monitored in order to avoid a drop in the cell voltage below 0.5 V. The polarization curves were measured in galvanostatic load mode. Five minutes of stabilization time was used for every current value after a constant operation temperature was reached.
At OCV conditions the stabilization time was limited to 30 s to avoid electrode degradation. Minimum stoichiometries for anode and cathode were determined to be 1.25 and 2.00 and all measurements were performed at these stoichiometries for anode and cathode, respectively. When the stack was characterized at different CO concentrations, the suitable gas mixture was supplied to the anodes once the stack reached its required operation temperature at set current values.
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In this work, the stack experimental results were used to validate a model developed by Rabiu et al. and general summary of the model as well as details of the model development can be found elsewhere [20] . The model is a 'zero-dimensional' model that focuses on the reaction kinetics in the MEA. This approach was selected due to its simplicity for the implementation of the Engineering Equation Solver (EES) modelling platform. The model framework is based upon the isothermal model developed by Mamlouk and Scott [21] . In the model, the hydrogen oxidation and oxygen reduction reaction kinetics are expressed using the BultereVolmer equation, which allows for analysis of cell performance for different electrochemical surface areas and catalyst loadings. The approach of Cheddie and Munroe [22] which uses the solubility of various species in phosphoric acid is used to predict the membrane conductivity activity. The model is developed to calculate the cell voltage when operating at different conditions.
3.
Results and discussion As mentioned above, this paper focuses on the investigation of the effects and influence of various operating conditions on the HT-PEMFC stack performance, in particular on the CO tolerance and thereby its suitability to operate with reformate containing high concentrations of CO; in turn simplifying the reformate purification system and giving a significant advantage to HT-PEMFC stacks as compared to LT-PEMFCs. In the following sections, several experimental results are presented and discussed.
Effect of the anode and cathode stoichiometries on stack single cell voltage
The objective of this test was to determine the minimum stoichiometry values for electrode gas supplies which did not affect cell performance and thus allowed operation at the highest stack efficiency. The utilization curves of the stack were measured for the anode and cathode separately at 0.30 A cm -2 and stack temperature close to 160 o C. The exact temperature value was not crucial in this test. It was however important to maintain the stack operating temperature close to the nominal value and to keep it stable during the experiment. For the cathode utilization curve measurement, the anode utilization was kept constant at 80%. In the case of the anode utilization curve measurement, the cathode utilization level was kept constant at 50%. The single cell maximum, mean and minimum voltages were monitored and recorded during all measurements. The measured values are presented in Fig. 2(a) and (b) , for anode and cathode, respectively. The figures also show the stack and cathode exhaust gas temperature values.
The results obtained for anode utilization curve show that there is no influence of anode stoichiometry on the single cell voltage for stoichiometries ranging from 1.25 to 2.5. For stoichiometries lower than 1.25, a cell voltage drop of 27 mV was observed. The decrease of anode stoichiometry to the value close to 1.0 did not cause any significant drop of maximum or mean cell voltage. The minimum cell [23] . Based on these tests, the minimum anode stoichiometry which did not cause decrease of the stack performance was found to be 1.25. During the experiments, a stable stack temperature (ca. 160 o C) and cathode exhaust gas temperature (ca. 140 o C) was noted.
In the case of the cathode side, the results obtained for cathode utilization curve revealed that cathode stoichiometry does not affect single cell voltage for stoichiometries ranging from 2.0 to 4.0. For stoichiometries lower than 2.0, a minimum cell voltage drop of 59 mV was observed. Here, it can be assumed that the effect for higher current densities would be considerably more significant. The effect of the cell voltage drop at low cathode stoichiometries may be due to slower thermodynamics and kinetics of the fuel cell reactions as well as slower gas diffusion processes [23] . The influence of cathode stoichiometry on maximum and mean cell voltage for stoichiometry values below 2.0 was negligible. During the experiments, it was also observed that the stack temperature increased from 140 o C to 160 o C, with decreasing cathode stoichiometry. At the same time, the cathode exhaust temperature decreased from 147 o C to 140 o C due to quite a significant change of air flow rate from 39 to 95 SLPM. Nevertheless, it was possible to observe the effect of cathode stoichiometry on stack performance and to determine the minimum cathode stoichiometry at which the stack could operate without performance loss, which was found to be 2.0 for our conditions.
Temperature effect on stack performance
Temperature is a key parameter that influences the HT-PEMFC performance. Higher temperature improves electrode kinetic performance and increases the ionic conductivity of the membrane and electrodes. Increased temperature also results in exponentially higher exchange current density (I o ) and improves mass transport properties [24, 25] .
The stack polarization curves were measured at different operating temperatures. The results of recorded stack voltage and stack power were plotted versus stack current, while the mean cell voltage and power density were plotted versus stack current density and are shown in Fig. 3(a) and (b) , respectively. The stack power of 1 kW was measured at temperature 140 and 160 o C, Fig. 3(a) . Measurements performed at 120 o C were limited to 30 A because of problems with temperature control at relatively low temperature and high current. A positive effect of temperature on stack performance can be easily observed. The higher the operating temperature was, the better the stack performance, although the difference was not significant. For example at a current density of 0.3 A cm -2 , the measured mean cell http://repository.uwc.ac.za 8 voltages were 0.532, 0.542 and 0.569 V for 120, 140 and 160 o C, respectively. This increase in temperature (DT ¼ 40 o C) leads to an enhancement in power density of 5 mW cm -2 . The best stack performance was recorded at 160 o C and the measured power density at 0.4 A cm -2 was 225 mW cm -2 . The temperature effect observed can be explained by the reduced charge transfer and proton transfer resistances [26] .
The experimental results were compared to simulation results and as can been seen in Fig. 3 ; there is good agreement between the two. For 140 o C and 160 o C the model correctly predicts the stack voltage performance for the entire voltage range. This is not the same for lower temperatures (120 o C), where the performance is under predicted at high current densities. For 120 o C the model deviates from experimental results at about 150 mA cm -2 where it starts to under predict the stack performance. This could be a result of increased temperature caused by http://repository.uwc.ac.za 9 increasing the current density, which cannot be captured by the isothermal model. During testing the stack ohmic resistance, which is related to electrical resistance, contact resistance and the membrane proton conductivity, was measured at 1 kHz constant frequency with the aid of a MR 2212 W AC milliohm meter. This method is often used to determine cell resistance (R cell ) [27] although more detailed information about phenomena taking place inside the cell during stack operation could be obtained by measurement of the cell/stack impedance spectra at a wide frequency range [28] . The results are presented in Fig. 4 . As illustrated in Fig. 4 , the cell ohmic resistance drops with increasing stack operating temperature. Reduction of the cell resistance from ca. 0.19 U cm 2 measured at 120 o C to 0.14 U cm 2 measured at 160 o C was observed within the high current density region. Higher ohmic resistance for current density lower than 0.1 A cm -2 was measured for all temperatures. The decrease in resistance with increasing current density can be due to the increase of membrane conductivity when more water is produced at the cathode, as the current density increases [29] . The obtained results are in very good agreement with data presented by Oono et al. [26] .
The temperature effect can also be observed for individual cell voltages of the stack. It was observed that the cells at the extreme end of the stack had lower performance and the cell voltages were always lower than the mean cell voltages of the stack. Fig.   5 shows results of the cell voltage measurement at 0.4 A cm -2 and 160 o C stack temperature. As it can be seen, the cell voltage at the extreme cells is 35 mV lower than the mean cell voltage measured for the stack. The measurement of the cell temperatures revealed that the stack has a temperature profile, which indicates the temperature is not even along the stack. Lower stack temperatures were recorded for extreme cells.
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Influence of reactant gas pressure on stack performance
Pressure is another factor that significantly influences the performance of the PEMFC. The pressure of reactants supplied to stack electrodes influences the cell potential according to the Nernst equation:
where: E 0 is the open circuit voltage (V), R is the universal gas constant (8.3145 J mol -1 K -1 ), T is the fuel cell temperature (K), n is the number of electrons taking part in the reaction, F is the Faradic constant (96 485 C mol -1 ) and P is the partial pressure of reactants and product species (bar). Moreover elevated pressure causes increase of reactant gas concentration on electrodes, thereby improving mass transport of gaseous species resulting in an increase in the exchange current density as well as improving electrode reaction kinetics [30] . 
Stack performance at several CO concentrations
Tolerance to CO concentrations (up to 3%) is one of the many advantages of using HT-PEMFCs. At high operating temperatures, the thermodynamics of CO adsorption on the Pt anode catalyst is less favoured and the resistance to CO poisoning is higher than in conventional LT-PEMFC [31, 32] . However these studies are either theoretical or performed on a single cell setup. To the best of the authors' knowledge, there is no detailed report on the CO tolerance of HT-PEMFC stacks, which is absolutely necessary to demonstrate its advantage and practicality especially for stationary applications.
A high temperature stack was evaluated against CO poisoning at various CO levels. The subsequent measured stack and cell polarization curves, at a stack operating temperature of 140 o C, with pure hydrogen and CO spiked hydrogen of various CO concentrations (0.1, 0.3, 0.5 and 1.0%) are shown in Fig. 7(a) and (b) . A stable stack operation was observed for CO concentration reaching 1.0%, although a loss of performance of about 4% was already observed for a CO concentration of 0.1% at maximum stack power. It can be observed that at a current density of 0.2 A cm -2 performance losses of 2.2, 6.0 and 8.4% were found for CO concentrations of 0.1, 0.3, 0.5%, respectively. Generating the performance curve for 1.0% CO concentration was not possible because the cell voltage dropped below the safe limit for the operation of the stack.
The predicted influence of carbon monoxide present in the anode gas feed is also shown in Fig. 7(b) . Similar to the experimental results, presence of CO in the anode feed leads to a large decrease in stack performance. The decrease in performance is a result of active catalyst sites being covered by CO, even for small (0.1%) amounts of CO. As can be seen in Fig. 7 , good agreement between the experimental and simulation results is obtained at low current densities for both the stack cell average voltage and power density. The model, however, fails to accurately predict the stack performance for high current density and for high CO concentration (1.0%) in the anode feed. http://repository.uwc.ac.za http://repository.uwc.ac.za
